Introduction
Radiation embrittlement of pressure vessel steel in mixed neutron-gamma fields is mostly determined by neutrons, but in some cases also by gamma-radiation. This was the clear outcome of the surveillance specimen story at HFIR [1] . Depending on reactor type, gamma radiation can influence evaluations of lead factors of surveillance specimens, affect the interpretation of results of irradiation experiments and finally, it can result in changed pressure vessel lifetime evaluations. The paper presents some results of work which has been done in this respect. Absolute neutron and gamma flux spectra had been calculated for two core loading variants of the Russian PWR type VVER-1000, for a German 1300 MW PWR and for a German 900 MW BWR. The present investigations extend a similar work done before for VVER-440 and VVER-1000 reactors [2] . Based on the calculated spectra, several fluence integrals and radiation damage parameters were derived for the region around the azimuthal flux maximum in the mid-plane at different radial positions between core and biological shield. The relative contributions of gamma radiation to the sum of gamma and neutron contributions are of special interest. As damage parameters the displacements per atom of iron are given separately for neutrons and gammas as well as estimations of the numbers of freely migrating defects (FMD). To get some notion about the uncertainties of the obtained dpa, the calculations were performed using different dpa cross section evaluations. Additionally, gamma produced dpa were calculated by means of the Monte Carlo code EGS4. Another parameter of practical interest for pressure vessel dosimetry and which depends on the gamma flux spectra is the contribution of photo-fissions to the activation of fission detector materials. Therefore, neutron and photo-fission rates were calculated for the fission detector reactions 237 Np(n,f) and 238 U(n,f). Most of the calculations were performed using a 3D synthesis of 2D/1D-flux distributions. To increase the reliability of the evaluations some of the calculations were repeated by another laboratory. To verify the accuracy of the results additional calculations with the continuous energy Monte Carlo code MCNP were performed for two reactors.
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Calculations of absolute neutron and gamma flux spectra

Calculation methods
Most of the calculations were done according to the 3D flux synthesis method but in two versions. In the first, the 3D flux of an energy group g is synthesized using
are 2D flux density distributions obtained by the DORT code [3] .
was calculated using the same (R,Θ) space grid, as for the calculation of
, but for a 1D cylindrical model. The advantage of this procedure is a reduction in non-physical Θ-oscillations. Neutron and gamma data for the transport calculations were taken from the ENDF/B-VI based 47-neutron/20-gamma group data library BUGLE-96T [4] . The traditional synthesis scheme, as e. g. described in [5] was applied in the calculations which were independently performed at FRAMATOME-ANP using the library BUGLE-96 and the codes DORT and ANISN [3] . In the calculations rather fine meshes were used to describe the geometries of the reactors and the fission source distributions in detail. So, deviations between deterministic and Monte Carlo results should be mainly caused by the multi-group approach of the synthesis method.
The Monte Carlo code MCNP [5] with continuous energy data based on ENDF/B-VI Rev.3 was applied to validate the deterministic results for the VVER-1000 with standard loading and for the 1300 MW PWR. Geometric and fission source details were described to a maximum possible degree. The weight window method was used to reduce the statistical errors.
Reactor models
VVER-1000 with standard fuel loading:
The VVER-1000/320 type reactor with hexagonal assemblies and a 60° rotational symmetry was modeled in all details including the complex baffle construction and pin-to-pin power distributions [6] .
VVER-1000 with low leakage fuel loading:
This reactor differs from that described above only in the fuel loading scheme. In the outer rows of fuel assemblies such assemblies with the highest burn-up were situated warranting in that way a lower leakage of neutrons out of the core and consequently a lower radiation load on the RPV.
German 1300 MW PWR:
The reactor -in the following called PWR-1300 -has a 45° symmetry and quadratic assemblies. The neutron source was given pin-wise and for different height layers. Surveillance specimens were positioned at the outer wall of the barrel.
German 900 MW BWR:
The reactor -in the following called BWR-900 -has quadratic assemblies with 49 fuel pins in each. The neutron source was given assembly-wise for 24 axial layers. For these layers also the water densities were given, changing considerably over the height in this reactor type. Surveillance specimens were affixed with some distance to the inner wall of the pressure vessel.
Absolute neutron and gamma flux spectra and flux integrals
Absolute neutron and gamma flux spectra and flux integrals were calculated for the azimuthal flux maxima in the mid-planes of four reactors at nominal powers for different radial positions between core and the biological shield, particularly, at surveillance positions, as well at inner and outer surfaces of RPV walls as at the 1/4 RPV thickness positions. Table 1 gives the flux integrals which are important for the RPV embrittlement evaluations. These results base on the neutron and gamma fluxes calculated by the synthesis method (1). As example, neutron and gamma spectra at inner RPV surfaces at nominal power are presented in figures 1 and 2. We see that the standard VVER-1000 has more than one order of magnitude higher and the BWR-900 about four times lower neutron fluxes than the PWR-1300. The differences between the gamma fluxes of these reactors are considerably smaller as can be seen in Fig. 2 . The reason is that the water gaps between core and RPV are growing in the order: VVER-1000, PWR-1300, BWR-900 and that the neutrons are much more attenuated in water than the photons. The spectrum of the low leakage VVER-1000 variant, not shown here, is very similar to that of the standard variant differing by a factor of about 0.75 only. 
Definition of radiation damage parameters
Although the theoretical aspects of the effect of radiation on materials are well elaborated, there is still no proved theory allowing to predict the deterioration of pressure vessel steel properties from first principles. While the effect of gamma radiation is usually completely neglected, the effect of neutron radiation on the RPV is mainly considered to be characterized by the fast fluence above 1 MeV (Western standard) or above 0.5 MeV (Russian standard). According to the regulation guides the material property parameter most important for the RPV safety, the ductile-to-brittle transition temperature, is supposed to be proportional to the cubic root of the fast neutron fluence. The proportionality factor is obtained by experiments with sets of Charpy specimens. Obviously, this procedure cannot take into account effects of low energy neutrons, of the neutron spectrum, of gamma radiation and of the fluence rate (flux) while all these factors can be of different importance to steel embrittlement in various irradiation conditions.
Another widely used irradiation exposure parameter depending on the radiation spectra is the number of displacements per atom (dpa) caused by the radiation. Fast reactor neutrons transfer up to some tens of keV recoil energy to a primary knocked-on atom (PKA) that through multiple collisions initiates an atomic displacement cascade. During this process lasting about 0.1 ps and called collision stage, a large number of atoms (NNRT), which can be estimated using the Lindhard approach, are displaced from their lattice sites producing point defects: vacancies and interstitials. As the displacements are located very closely and the temperature in the cascade region is high, point defect motion, recombination and defect clustering will occur. After the cascade cooling time of the order of tens of ps only about one third of the primary defects NNRT survive. After much longer time, diffusion and recombination result in a further reduction of the number of defects. Only about 1 -5% of the defects escape the cascade region and become freely migrating defects (FMD). FMD will contribute to long range diffusion over the bulk of the irradiated material. Unfortunately, up to now, recombination effects have not yet been taken into account in dpa standards. Nevertheless, FMD have been proposed as an additional exposure parameter for radiation damage [7, 8] . Further theoretical and experimental investigations are needed to explore their role in RPV embrittlement. The displacements induced by photons due to small PKA energies cannot produce cascades and no recombination occurs. Therefore, the efficiency of producing FMD by fast gammas is about 20 to 100 times higher than that of neutrons. A similar enhancement could be possible for the displacements caused by the recoil of gammas from the capture of thermal neutrons. However, in our calculations this effect has been found to be negligibly small. These arguments support the use of FMD as tentative exposure parameter for comparison of the neutron and gamma irradiation effects.
Calculated damage parameters
For the calculations of neutron dpa rates the displacement cross section of iron recommended by the ASTM had been used. Gamma displacements have been calculated as well using cross sections obtained by other authors (Baumann-[9], Alexander-[10], ) as the cross sections which have been newly calculated by us with the help of the electron-gamma transport code EGS4. The Monte Carlo simulation allows to take into account the generation of secondary particles and avoids the continuous slowing down approximation used in other cross section calculations. However, test calculations showed that the influence of these effects is very small. The FMD rates were calculated using the methodology described in [12] . The needed PKA spectra were calculated on the base of the code package NJOY [13] . Table 2 shows the calculated gamma and neutron dpa and FMD rates. To generate Table 2 , the gamma displacement cross section of Ref. [11] was used. Fig. 3 presents the calculated radial dependence of the dpa γ /dpa n ratio for the BWR-900 in the direction of the azimuthal flux maximum for the four considered gamma dpa cross section evaluations. The comparison of results obtained with different cross sections gives some impression of the magnitude of uncertainty caused by these cross sections. The data of Kwon result in the highest gamma-dpa rates. Another increase by about a factor 2 could be obtained by lowering the displacement threshold energy in supposable limits and by considering secondary displacements [11] . The presented radial dependencies show that the relative gamma dpa contribution reaches its maximum at the inner surface of the RPV wall. The curves for the other reactors are quite similar but with remarkably lower maxima, see Table 2 . The highest relative gamma-contribution is the consequence of the largest water gap between core and RPV in case of the BWR-900. The differences in the gamma contributions at surveillance positions and RPV inner wall is of special interest to the RPV surveillance programs.
Impact of gamma radiation on neutron fission detector measurements
Fission detectors based on threshold fission reactions are very well suited to cover the lower energy region of the fast neutron spectrum in pressure vessel neutron fluence measurements. Unfortunately, they are sensitive to some degree also to gamma radiation due to the gamma fission reactions caused by high energy photons. Therefore, they can be used in reactor environments as neutron detectors only then, if the contribution of gamma fissions can be separated. In cases of high gamma contributions these detectors can be even used to deliver information on both components. In Table 3 the relations between the calculated gamma and neutron fission rates are given at different positions in the four considered reactors. One can realize that the use of these detectors in some cases demands a correction for gamma-induced fissions. The highest gamma/neutron fission ratio was found for the BWR-900. 
Comparison of results obtained by different laboratories and by Monte Carlo and deterministic methods
Results produced by means of the Monte Carlo code MCNP with continuous energy data based on ENDF/B-VI Rev.3 data were applied to validate the deterministic results. Calculations at different laboratories with the same method and slightly different nuclear data libraries were compared to evaluate uncertainties caused by different discretisation schemes, the influence of taking into account up-scattering in the thermal region etc.. Fig. 4 compares obtained gamma spectra and Table 4 As expected, the FZR and ANP deterministic results show very good agreement for the fast neutron fluxes. Discrepancies in the thermal region are caused by neglecting upscattering in the ANP calculations. In the average, the MCNP results agree within limits of 20% as well for fast neutrons as for photons with the deterministic calculation. However, for thermal neutrons much greater discrepancies are observed.
Conclusions
The calculated gamma and neutron spectra, flux integrals and damage parameters are recommended for evaluations of the influence of gamma radiation on steel embrittlement and fission detector dosimetry for the Russian reactor type VVER-1000 and two typical German reactors, a 1300 PWR and a 900 MW BWR.
The contributions of gamma radiation to the displacement rates at the inner PV wall are about 4% , 6% and 15% for the VVER-1000, PWR-1300 and the BWR-900, respectively. The relative uncertainty of these values can exceed 50%, to a large extent due to the uncertainty of the gamma dpa cross sections. That was concluded from the comparison of dpa rates calculated by means of different gamma-dpa cross section evaluations, showing considerable discrepancies. A new evaluation of gamma-dpa cross sections seems to be necessary.
Considerations about the role of defect recombination in cascades and of freely migrating effects make the FMD a candidate for a new or additional damage parameter. The FMD formation is even dominated by gamma-radiation at the inner RPV wall, amounting to 52% for the VVER-1000 and 86% for the BWR-900.
Gamma-fission can contribute up to 35% to the measured values obtained with fission neutron detectors at potential detector positions, for a 238 U-detector at BWR surveillance position 25%.
Comparison of results obtained with BUGLE-96 with and without upscattering in the thermal region and with the continuous energy code MCNP show a relatively good agreement for the gamma flux results, within 20%, as the gamma flux apparently, is not dominated by thermal neutrons showing much greater discrepancies. As all used libraries are based on the same gamma production data, gamma flux spectrum measurements are needed to validate the accuracy of the calculations.
